The aim of this study was to investigate the potential of infrared (IR) spectroscopy as a fast and reagent-free adjunct tool in the diagnosis and screening of ␤-thalassemia. Methods: Blood was obtained from 56 patients with ␤-thalassemia major, 1 patient with hemoglobin H disease, and 35 age-matched controls. Hemolysates of blood samples were centrifuged to remove stroma. IR absorption spectra were recorded for duplicate films dried from 5 L of hemolysate. Differentiation between the two groups of hemoglobin spectra was by two statistical methods: an unsupervised cluster analysis and a supervised linear discriminant analysis (LDA). Results: The IR spectra revealed changes in the secondary structure of hemoglobin from ␤-thalassemia patients compared with that from controls, in particular, a decreased ␣-helix content, an increased content of parallel and antiparallel ␤-sheets, and changes in the tyrosine ring absorption band. The hemoglobin from ␤-thalassemia patients also showed an increase in the intensity of the IR bands from the cysteine ؊SH groups. The unsupervised cluster analysis, statistically separating spectra into different groups according to subtle IR spectral differences, allowed separation of control hemoglobin from ␤-thalassemia hemoglobin spectra, based mainly on differences in protein secondary structure. The supervised LDA method provided 100% classification accuracy for the training set and 98% accuracy for the validation set in partitioning control and ␤-thalassemia samples. Conclusion: IR spectroscopy holds promise in the clinical diagnosis and screening of ␤-thalassemia.
The thalassemias comprise a group of genetic disorders of hemoglobin (Hb) 4 synthesis caused by partial or total mutations that reduce or abolish the synthesis of the ␣or ␤-globin chains in Hb. The vast majority of ␤-thalassemias are caused by point mutations or small deletions or insertions of the ␤-globin gene, whereas major deletions of the ␤-globin cluster are rarely encountered (1 ) . ␤-Thalassemia can be classified as ␤ 0 -thalassemia (␤thalassemia major) or ␤ ϩ -thalassemia (␤-thalassemia trait), depending on whether the genetic mutations lead to an absence or a variable reduction in the ␤-globin chains, respectively (2, 3 ) . An excess of ␣-chains attributable to imbalanced globin chain synthesis is the hallmark of ␤-thalassemia. Unbound ␣-chains denature, precipitate, and eventually lead to defective and ineffective erythropoiesis and a shortening of red cell survival (4, 5 ) .
More than 300 000 infants are born every year with severe inherited Hb disorders, and the vast majority of them remain undiagnosed, untreated, or undertreated (6 ) . In the case of ␤-thalassemia major, the affected babies appear normal up to 3-6 months; thereafter, they gradually develop severe anemia, and regular blood transfusions are required to maintain growth and development (7 ) . Although chelating agents can alleviate the adverse effects of transfusion-mediated iron deposition, they are expensive and may require long-term administration. Prenatal diagnosis and screening of carriers are the most effective means to reduce disease incidence and lessen the burden on both the parents and the healthcare system (8 ) . Screening and diagnosis of abnormal Hb and thalassemia may need to be undertaken antenatally, neonatally, and in certain hematologic situations. Preliminary tests include a complete blood count, electrophoresis at pH 9.2, and quantification of Hb A 2 and Hb F. Additional techniques include globin chain separation, isoelectric focusing, and a heat/isopropanol stability test to identify unstable and abnormal Hb (9 ) . The introduction of cation-exchange HPLC systems has streamlined the recommended analytic tests and provides an important advance in technology for the detection and quantification of Hb A 2 , Hb F, and Hb variants (10, 11 ) . However, meticulous and stringent calibration and standardization with internal and external control samples are prerequisites for acquiring accurate data for interpretation (12 ) .
Infrared (IR) spectroscopy, in which the individual vibrations of chemical groups are recorded, has been used to study the structures of various Hbs. For example, IR spectra provided insight into the binding of ligands to the heme iron and revealed protein structural changes attributable to various factors (13, 14 ) . The IR absorption bands of the thiol groups in the cysteine residues of Hb have also been explored (15 ) , and it was found that the conformational sensitivity of the thiol IR bands can be used to study changes in the tertiary and quaternary structure of Hb induced by perturbations of pH, temperature, and effector molecules (16 ) . In addition, IR bands produced by amide I, from the carbonyl groups in the peptide bonds that constitute the linkages between the amino acid residues of the Hb molecule, can be used for quantitative analysis of the ␣-helix, random coil, ␤-sheet, and turn structures (17 ) .
More recently, the scope of IR spectroscopy has been extended to the study of clinically relevant problems, such as differentiation of leukemia cells from healthy lymphocytes, detection of drug-resistant cell populations in leukemia patients for chemotherapy guidance, or monitoring of glucose fluctuations in diabetic patients (18, 19 ) . Success in these areas has been realized largely by combining the ever-improving sensitivity of modern spectrometers with powerful multivariate quantification and classification methods that permit essentially all of the relevant information latent in the IR spectrum to be usefully extracted. In the current study, we combined both traditional and advanced IR techniques to examine the spectral differences between the Hb from controls and patients with ␤-thalassemia major and evaluated the feasibility of diagnosing ␤-thalassemia major based on IR spectra in combination with multivariate classification methods.
Materials and Methods patients and materials
The study included 92 patients admitted to the Prince of Wales Hospital in Hong Kong: 56 with ␤-thalassemia major, 1 with Hb H disease, and 35 who were agematched non-thalassemia inpatients undergoing blood tests for other diagnostic screening purposes. Informed consent was obtained from all adult patients or, in the case of children, their parents or guardians.
␤-Thalassemia major patients presented with severe anemia with the presence of hypochromia, microcytosis, anisocytosis, poikilocytosis, nucleated red cells, and target cells. Hemoglobinopathy screening revealed increased Hb F and Hb A 2 , and the patients received regular blood transfusions at 3-to 4-week intervals. Myoglobin and sickle cell Hb (Hb S) were obtained from Sigma-Aldrich.
preparation of Hb lysates
The blood samples from patients with ␤-thalassemia major were drawn during visits to the clinic or before regular blood transfusions. Complete blood counts were performed. To prepare hemolysates, we centrifuged a total of 3 mL of peripheral blood anticoagulated with acid-citrate-dextrose at 400g for 10 min at 4°C to pack red blood cells (RBCs). Plasmas were discarded, and the RBCs were washed three times in Hanks' balanced salt solution (Invitrogen). RBCs were lysed by the addition of two volumes of distilled water to the washed packed RBCs and centrifugation at 20 000g for 30 min to pellet cell stroma.
ir spectra
For each specimen, duplicate 5-L aliquots of the hemolysates were evenly spread on IR-transparent calcium fluoride windows (13 mm diameter) and allowed to dry under reduced pressure (25 kPa) to produce glassy films. The IR spectra of such films were recorded with a Bio-Rad FTS-40A IR spectrometer (Digilab, LLC.) at a nominal resolution of 2 cm Ϫ1 (256 co-added interferograms, apodized with a triangular smoothing function before Fourier transformation). To resolve and illustrate otherwise overlapping spectral features, we used Fourier self-deconvolution with a ␥ of 2.5 and Bessel smoothing factor of 70% to enhance resolution. Clustering and classification trials made use of the second-derivative spectra (15-point Savitzky-Golay), vector normalized over the region 1000 -1800 cm Ϫ1 .
multivariate statistical analysis
Both clustering and classification approaches were used to seek diagnostic rules distinguishing the spectra of Hb from ␤-thalassemia patients from the spectra of control Hb. The first trial was an unsupervised cluster analysis using Ward's minimum variance algorithm and Euclidean distances as distance measure (Statistica 5.1; Statsoft) (20 ) . In this approach, the Euclidean distance between spectra is calculated and the pair of spectra with the least distance is grouped to create a cluster. The separation between this cluster and all other spectra is then calculated, and two other closest spectra/clusters are joined to form a new cluster. This procedure continues until all spectra/clusters are combined. In this unsupervised classification, no information about the disease state of the samples is provided to the algorithm; only the similarity or dissimilarity of their IR spectra is used for this classification.
The second analysis method, which makes use of linear discriminant analysis (LDA), is known as a supervised method because the class identity of each sample is supplied to the classification algorithm and used in establishing boundaries to distinguish among groups of spec-tra in different classes (21, 22 ) . Taking the spectra and corresponding diagnoses (class designations) as input, it explicitly chooses the boundaries that best separate the classes; class assignment of any given spectrum involves computing its distance from all class centroids (the representative class-average spectra) and allotting it to the class whose centroid is nearest.
Although the raw spectra may in principle be used as the basis for LDA classification, the accuracy of the method is inevitably improved by preprocessing the spectra to enhance diagnostic patterns and minimize (or omit) superfluous spectral features. To that end, these spectra were preprocessed by applying an algorithm, the optimal region selection genetic algorithm, which identifies a set of discrete spectral subregions that maximally enhance the differentiation among the various spectral subtypes. These preprocessed spectra, each reduced to a set of n intensity values (integrated intensity values for each of the n spectral regions) were then subjected to LDA as described above.
To properly assess the predictive value of this classification procedure, we split the spectra into a training set, which was used as the basis to identify distinguishing patterns (spectral regions), and an independent test set to assess the accuracy of the trained algorithm in classifying samples of unknown origin. To that end, we designated approximately two-thirds of the samples as the training set and the remaining one-third as the test set. There were 56 ␤-thalassemia Hb samples and 35 control Hb samples. The training set therefore comprised 37 ␤-thalassemia and 24 control samples, and the test set comprised 19 ␤-thalassemia and 11 control samples. Each sample was represented by both of the duplicate spectra, so that the training set comprised 74 ␤-thalassemia and 48 control spectra and the test set comprised 38 ␤-thalassemia and 22 control spectra.
Results

patient characteristics
Blood samples from 56 patients with ␤-thalassemia, 1 patient with Hb H disease, and 35 nonthalassemic individuals were studied, and their laboratory findings are shown in Table 1 . Among these laboratory findings are routine blood counts of RBC, white blood cells, platelets, and specific RBC indices. Because ␤-thalassemia is associated with impaired Hb synthesis, which leads to microcytic and hypochromic anemia, the Hb concentrations, RBC counts, and hematocrits in these patients were substantially lower than those in the control group.
ir spectra of Hb Class-average spectra of Hb from control individuals and patients with ␤-thalassemia major are shown in Fig. 1 . As expected, the IR spectrum of isolated Hb revealed basic information about the protein. For example, in Fig. 1 , there are two prominent absorption bands, one at 1652 cm Ϫ1 arising from the amide CϭO stretching (the amide I band) and another at 1542 cm Ϫ1 originating from the amide NϪH bending (the amide II band) vibrations of the peptide groups in proteins. The bands at 1452 and 1387 cm Ϫ1 originate from the bending vibrations of ϪCH 2 and ϪCH 3 groups of amino acids in the protein side chains. The ϪSH group vibrations from the cysteine residues appear around 2550 cm Ϫ1 . The bands between 2875 and 3000 cm Ϫ1 are the symmetric and asymmetric ϪCH 2 and ϪCH 3 stretching vibrations from protein side chains. Other protein bands are the amide B band at 3050 cm Ϫ1 and the amide A at 3290 cm Ϫ1 . The amide band most widely used in studies of protein secondary structure is the amide I mode, which has been used extensively to quantify ␣-helices, ␤-sheets, turns, and nonordered structures in proteins (14 ) .
Although the two mean spectra from control Hb and Hb from patients with ␤-thalassemia major appeared superficially similar ( Fig. 1 ), there are ways to enhance the information available from the broad protein bands. One way is to use computational procedures to decrease the widths of individual band subcomponents, allowing better visualization of the overlapping absorption bands making up the composite band contour (23 ) . Another approach is to generate a difference spectrum to clearly highlight those absorptions whose intensities differ for the two spectra of interest. Features in the difference spectrum may then be assigned and interpreted to reveal structural and/or conformational features distinguishing the two molecular species. Shown in Fig. 2 are the mean spectra of Hb from control and ␤-thalassemia samples after band narrowing by Fourier self-deconvolution (bottom spectrum) and the difference spectrum generated by subtracting the mean spectrum of Hb from patients with ␤-thalassemia from that of the control (top spectrum). After Fourier selfdeconvolution, previously overlapping components in the amide I band, such as ␣-helix (1657 cm Ϫ1 ) or parallel and antiparallel ␤-sheets (1640 and 1680 cm Ϫ1 , respectively), are apparent. In addition, the "breathing" vibration of the tyrosine ring (1517 cm Ϫ1 ) originating from the side chains of the protein also becomes prominent. From the difference spectrum, one can observe that the ␣-helix content in the Hb from patients with ␤-thalassemia is decreased and that of ␤-sheets is increased compared with that in the control group. This observation suggests that the differences in secondary protein structure in the two groups of mean spectra reflects an altered protein profile in Hb from patients with ␤-thalassemia attributable to gene mutations.
We also compared the IR spectra of Hb from controls and from patients with ␤-thalassemia with those of Hb H and Hb S (Fig. 3) . Hb H is an ␣-thalassemia in which there is an accumulation of tetramers of ␤-chains attributable to the defect in ␣-chain synthesis. Again there are major differences in the protein structure that are reflected in the spectra. These spectra demonstrate the sensitivity of IR spectroscopy for detecting subtle differences in the structure of control and other mutated Hbs and provide a basis for anticipating success in applying pattern recognition methods for the classification of individual samples/ spectra. Another useful IR band in the spectra of Hb is the ϪSH stretching vibration around 2550 cm Ϫ1 , which originates from the thiols of cysteine residues. Although sulfhydryl groups give rise to very weak absorption bands, they appear in a spectral region devoid of other bands and have been exploited to probe changes in amino acid sequence, oxidation state, ligand binding, pH, and other factors (13, 14 ) . Human Hb has six cysteine residues per tetramer; in each symmetrical half-molecule, two are in the ␤-chain (␤-93 and ␤-112) and one is in the ␣-chain (␣-104) (24 ) . Fig. 4 displays IR spectra in the ϪSH stretching region of control Hb and various mutated Hbs. For the control, we used horse myoglobin because there is no cysteine residue group and thus no ϪSH bands in this particular protein (25 ) . As shown in Fig. 4 , there are two IR absorption bands originating from ϪSH stretch vibrations, one at ϳ2553 cm Ϫ1 from the ␣-104 cysteine and the other at 2589 cm Ϫ1 from the ␤-93 cysteine. As can be seen from Fig. 4 , the intensities of these bands and the band positions differ among these Hb variants.
statistical analysis
Various spectral features differed between the mean spectra of Hb from controls and Hb from ␤-thalassemia patients, as well as among the individual spectra acquired for Hb H and Hb S. In our next step, therefore, we applied an unsupervised cluster analysis to determine whether (Bottom), mean IR spectra of Hb from controls and ␤-thalassemia patients after band narrowing by Fourier self-deconvolution. (Top), difference spectrum between control and ␤-thalassemia major Hb. Fig. 3 . IR spectra of control (normal) and mutated Hbs in the range of 1400 -1800 cm Ϫ1 after band narrowing by Fourier self-deconvolution.
Spectra for control and ␤-thalassemia major samples are the mean spectra, whereas those for the other two are individual spectra.
the individual IR spectra can be classified according to their clinical diagnoses. This method uses a statistical approach to classify spectra into groups according to subtle spectral differences. The outcome of clustering can be visualized with a dendrogram in which the cluster formation is plotted as a horizontal, interconnecting line located at the distance at which the cluster is being formed. Spectra are presented to the algorithm without diagnostic labels, and the algorithm partitions them into subgroups based on spectral similarities. In the ideal scenario, Hb spectra from ␤-thalassemia patients form a cluster separate from that for Hb specimens form controls; however, it is only after this analysis that each spectrum is marked retrospectively as Hb from controls or from patients with ␤-thalassemia.
To capitalize on the distinctive patterns already identified as distinguishing the mean spectra of Hb from controls and Hb from patients with ␤-thalassemia, we used the spectral ranges encompassing both the protein amide I and amide II bands (1400 -1800 cm Ϫ1 ) and the ϪSH groups (2500 -2600 cm Ϫ1 ) as the basis for cluster analysis (Figs. 5 and 6) . The cluster analysis based on the ϪSH bands from 150 spectra (70 control samples, 80 ␤-thalassemia samples) yielded three clusters. Cluster 1 consisted of 24 spectra from control Hb and 6 from ␤-thalassemia Hb samples. The spectra in cluster 2 were mainly from Hb from patients with ␤-thalassemia (34 spectra) with 4 spectra from controls. Cluster 3 was a mixed group, with 48 spectra from control Hb and 32 from ␤-thalassemia Hb. The mean spectra of the three clusters were generated and are plotted in the right panel. The major difference between the three clusters was readily apparent and comprised the different intensities of the ␣-104 ϪSH stretching vibration (see Fig. 5 ), with cluster 3 being intermediate as a mixture.
On the basis of the spectral segment 1400 -1800 cm Ϫ1 (encompassing absorption bands characterizing the protein secondary structure), we obtained four clusters (Fig.   6 ). All of the spectra in clusters 1 and 2 originated from ␤-thalassemia Hb samples from patients with ␤-thalassemia, whereas clusters 3 and 4 were all from controls. The mean spectra generated from the clustering process (right panel) clearly delineated the differences in the amide I and II regions that are responsible for this clustering. Although the differentiation between nonthalassemia and ␤-thalassemia Hbs for this clustering was better than that from the thiol groups (Fig. 5 ), there was an undesirable mixing between clusters 2 and 3. Clearly, the unsupervised classification method was not good enough to be used for clinical screening of ␤-thalassemia.
The optimal region selection/LDA approach was very Fig. 4 . IR spectra of control (normal) and mutated Hbs in the range of 2500 -2600 cm Ϫ1 after band narrowing by Fourier self-deconvolution. Fig. 5 . Dendrogram generated from 150 spectra of Hb samples from controls and patients with ␤-thalassemia major.
The mean spectra in the range of 2500 -2600 cm Ϫ1 generated from each cluster are shown on the right after band narrowing by Fourier self-deconvolution. Fig. 6 . Dendrogram generated from 150 spectra of Hb samples from controls and patients with ␤-thalassemia major.
The mean spectra in the range of 900-1800 cm Ϫ1 generated from each subcluster are shown on the right after band narrowing by Fourier self-deconvolution.
effective in distinguishing ␤-thalassemia from control Hb spectra. A systematic set of trials quickly led to a classifier based on six spectral regions (indicated by the shaded areas in Fig. 7 ) that provided the basis for LDA classification summarized in Table 2 . The overall accuracy for this spectral classification trial was 100% for the training set and 98% in the test set, with only a single misclassification. It is worth noting that the single spectral misclassification was "fuzzy", i.e., it was classified as control and ␤-thalassemia Hb with almost equal weights, whereas the duplicate counterpart spectrum for the sample was classified with no ambiguity as ␤-thalassemia. The consensus classification for the sample in question (the sum of the classification weights for the two duplicate spectra) was therefore correct.
Discussion
Thalassemias and hemoglobinopathies are the most common single-gene disorders in humans on a worldwide basis (26 ) . ␤-Thalassemia is characterized by quantitative defects in the ␤-globin chain, one of the backbone proteins of the Hb molecule. It is estimated by the WHO, the World Bank, and other international agencies that there is a massive increase in the number of patients with different forms of thalassemia in many emerging countries and that it is imperative to establish more surveys of the frequency of the disease and set up centers for its control and management. More than 150 globin gene mutations cause ␤-thalassemia, usually single-base substitutions or small insertions/deletions of the ␤-globin gene (27 ) . Although the complete blood count can give clues for the diagnosis and screening of ␤-thalassemia, confirmation requires additional analytical tests, such as electrophoresis, isoelectric focusing, and HPLC, to assay Hb derivatives and to detect the presence of any ␣-globin chain tetramers. Recently, molecular analysis of DNA has emerged as an alternative method for early detection of mutant globin genes and alleles. These additional confirmation tests are usually complex and labor-intensive, however, and may be a burden to countries with limited resources.
Previous IR spectroscopic studies of Hb have focused on various distinctive spectral features, e.g., the strong CϭO stretching IR band of carbon monoxide bound to Hb (HbCO) (28 ) , the weak but well-isolated ϪSH stretching bands of the cysteine residues (24 ) , and the protein side chain and backbone vibrations (29, 30 ) . The technique has been useful for differentiating between CO bound to different subunits in human Hb mutants, where marked changes in heme environment produce distinctly different spectral bands for CO bound to ␣and ␤-subunits (28 ) . The assignment of different ϪSH stretching bands in the IR spectrum of human Hb to individual cysteine residues was achieved in an elegant way by comparison with the spectrum of horse Hb, which is devoid of cysteine ␤-112, and that of bovine Hb, which contains only ␤-93 cysteine (24 ) . The ϪSH stretch vibrations of cysteine residues in Hb A are sensitive to the structural changes that result from the binding of ligands, such as O 2 , CO, and NO, at the heme iron (13, 31 ) .
More relevant to our current investigation are studies of individual Hb variants. For example, the IR difference spectrum of Hb A and Hb Kempsey (a mutant in which Asp ␤-99 is replaced by Asn) revealed a negative band at 1697 cm Ϫ1 originating with the CϭO stretch of carboxylic acid, ascribed to the side chain of Asp ␤-99 based on its known mutation (29 ) . Wallace et al. (30 ) demonstrated that the vCO of carbon monoxide bound to the ␣and ␤-chains in Hb Zurich (Hb Z; ␤-63 His-Arg) shifted to 1950 and 1958 cm Ϫ1 , respectively, compared with that of normal HbACO (1951 cm Ϫ1 ). Replacement of the distal histidine (␤-63) of Hb A by arginine in Hb Z enhances its susceptibility to autooxidation in the presence of "oxidant drugs". This observation provided a correlation of structure with the pathologic manifestations of Hb Z and supported the contention that IR spectroscopy is able to provide understanding of the origins of Hb diseases attributable to abnormal Hb structure.
In this pilot study, the IR spectra of hemolysates derived from a cohort of patients with ␤-thalassemia Fig. 7 . Mean IR spectrum for control Hb samples, indicating the six spectral regions (shaded areas) selected by the optimal region selection algorithm for maximum LDA differentiation between control and ␤-thalassemia Hb (see Table 2 ). major revealed important alterations in the protein secondary structure compared with the spectra of agematched nonthalassemic individuals. Generally speaking, the prominent spectral changes in Hb of patients with ␤-thalassemia major are as follows: decreased ␣-helix content; increased parallel and antiparallel ␤-sheet content; and decreases in the intensities of tyrosine absorption bands. Similar changes were observed in the hemolysate derived from a patient with Hb H disease. We believe that the major IR features, in particular those indicative of reduced ␣-helix content and increased ␤-structure, likely arise from the denatured unbound ␣-chains characteristic of ␤-thalassemia major. Although this appears the most likely origin for the major spectral features characterizing Hb from ␤-thalassemia patients, further studies of hemolysates from patients with hereditary fetal hemoglobinemia are necessary to explore the spectroscopic influence of increased fetal Hb. Finally, the present study extends these previous findings by use of multivariate clustering and classification (LDA) methods as the basis to designate individual spectra as Hb from controls or ␤-thalassemia patients. Thus, although unsupervised cluster analysis can qualitatively differentiate Hb from patients with ␤-thalassemia from its counterpart from nonthalassemic individuals, the solution really is a supervised methodology that can provide a first line of screening ␤-thalassemia with use of a LDA classifier that is trained to distinguish the Hb spectra from ␤-thalassemia major patients from those of control Hb. The accuracy of this approach was 100% for the training set and 98% for the validation set, suggesting a potential role of IR spectroscopy in the screening of ␤-thalassemia carriers.
There are several potential advantages and benefits in using the IR-based method to screen and diagnose ␤-thalassemia carriers: (a) it is reagent-free, the IR "color patterns" of the species of interest provide the basis for detection and quantification; (b) it uses a small sample volume (5 L), leaving ample material for other clinical tests, which is of particular importance in the fetus, for which blood sampling is difficult and limited; (c) it can be automated; and (d) it is simple (the expertise can be acquired after minimal training). For the purpose of this pilot study, IR spectra were obtained from hemolysates to avoid other possible influences from cell membranes and other cellular components. To simplify the method, whole blood would be preferable, which would avoid the need to prepare hemolysates, would reduce the cost, and would shorten the turnaround time for testing. Further studies are planned to explore this possibility.
